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I. INTRODUCTION
In this paper are presented the erst comprehensive, high-resolution measurements of the electron-scattering form factors of B. The primary motivation for these measurements derives from the distinctive pure isovector M3 excitation to the J =0+, T=1 state at 1.740 MeV which, in 1p-shell models, arises from a "stretched" spin8ip transition of a lpsI2 nucleon. Thus the (e, e') form factor is given solely in terms of the 1p3~2 wave function EMs(g) oc /pi where q is the electron-scattering momentum transfer, r is the nuclear radial coordinate, and the isovector magnetic moment is given by the difference between the proton and neutron magnetic moments: p, i --(p, -p, )/2.
*Permanent address:
Kernfysisch Ver sneller Instituut, Groningen, The Netherlands. Equation (1) can be transformed to yield the singleparticle radial wave function R", , (r) within the nuclear interior, not merely the rms orbital size as has been the case with previous magnetic (e, e') results [1] .
The lp3y2 wave function deduced from our earlier measurements of this M3 form factor at the MIT-Bates accelerator [2] has been used in the interpretation of B(p, p'), B(p, n), and B(p, p') measurements [3 -5] .
In the latter case [5] , for example, this constraint led to the inference that the ratio of transverse to longitudinal spin couplings in the effective NN interaction was larger than for free %N scattering. The availability of the wave function also provides a unique opportunity to test the understanding of single-nucleon knockout processes, in particular the (e, e p) reaction which in recent years has emerged as the most general and powerful method for studying the single-nucleon properties tation of (e, e'p) results is compromised by uncertainties in the description of efFects such as final-state interactions, multistep processes, and meson-exchange currents.
In the case of B, the information on the single-particle wave function derived from (e, e') provides a valuable constraint for identifying the consequences of these effects.
Before undertaking new high-resolution measurements of the isB(e, e'p) reaction, it is first necessary to improve the quality of the (e, e') data for the 1.740 MeV M3 transition: The = 20% uncertainties of prior measurements [6] at q ( 2 fm limited the information that could be obtained on the wave function at large r, corresponding to small nucleon momentum, the region for which (e, e'p) cross sections are most favorable. Another important motivation for the present work is derived from recent core-polarization studies [7] which bring into question the extent to which the M3 excitation may be simply represented as a spin-Hip transition of a 1psy2 nucleon. In our previous investigation [2] M3 form factors by 15%, the enhancement was almost independent of q and hence the extracted radial wave functions were essentially unaffected. As we have implied, however, the core-polarization studies suggest an alternative interpretation, which will be examined further below.
The scope of this work was not confined to the 1.740 MeV M3 excitation: Because of the good experimental resolution and 10% momentum acceptance of the electron spectrometer, data were obtained, with one exception, on all known levels of B below 6.7 MeV. Most of these levels had not been observed in earlier (e, e') studies [6, 8 -12] , and where previous results are available, the statistical precision and kinematic range are improved by the new measurements.
The data for elastic scattering were analyzed with the goal of seeking information on the ground-state charge density; inelastic cross sections were found to derive mainly from the longitudinal quadrupole (C2) and octupole (C3) operators. Particularly for electric quadrupole excitations, it has long been recognized [13] that these transitions have highly collective properties: Radiative decay widths and form factors often exceed shell model predictions by factors of 2 or more. Quantitative explanations of the augmented electric transition strength have consequently relied on collective treatments [14] such as phenomenological hydrodynamic and rotational models, as well as calculations in which lowest-order single-particle configurations are mixed with collective giant resonances.
The availability of corepolarization calculations to supplement usual shell-model treatments represents an alternative, more microscopic attempt to describe these longitudinal excitations. More generally, the existence of new (e, e') data on previously unmeasured excitations in B allows the core polarization treatment to be tested much more comprehensively than was previously possible.
II. EXPERIMENTAL DETAILS AND DATA

ANALYSIS
The experiment was performed using the electronscattering facility [15] at NIKHEF-K. Self-supporting targets were formed by pressing boron powder, isotopically enriched in B. A B4C mortar and pestle was utilized to erst grind the boron powder to pass through a 250 mesh sieve, corresponding to a grain size of approximately 10 -50 pm. This powder was then mixed with 1 -2% by mass of polystyrene binder in a chloroform solution and hot pressed at 2.8 x 10" Pa using a tungsten carbide punch and die. While in the press the temperature of the targets reached 140 C, exceeding the = 115 C softening temperature of polystyrene. The pressed targets, measuring 1.27 x 3.81 cm, were allowed to cool on the die, and then Hoated free with a few drops of liquid nitrogen. A final heating in air was found to further strengthen the targets.
As a result of evaporation of the chloroform solvent, the composition of the target material was little changed by the addition of the binder solution. A subsequent determination by means of elastic electron scattering at low momentum transfer gave the atomic composition as 97. 7 '% B, 2.0% B, and 0.3% C, close to the values specified by the supplier of the boron [16] . Several targets were pressed. The thickness of those utilized for the measurements was 38 .0 and 70.0 mg cm Despite being self-supporting and relatively pure in B, these targets performed with only qualified success because of their fragility to heat deposited by the incident electron beam: Beam currents had to be restricted to ( 10 pA in order to avoid destroying the targets. At one point during the experiment the 38.0 mg cm thick target broke, resulting in a number of measurements being made on a target of unknown and irregular thickness. These data were subsequently salvaged by means of a normalization procedure that will be discussed later.
Isotopically enriched B4C would constitute a more robust target that may be preferable for future experimental investigations on boron isotopes.
Scattered electrons were detected in a QDD magnetic spectrometer [15] . The maximum solid angle of this spectrometer is defined by a 80 x 80 mrad octagonal aperture, corresponding to an acceptance of 5.6 msr. Because of count-rate considerations, measurements were also made using a square-aperture collimator that restricted the spectrometer angular acceptance to 20 x 20 mrad . Spectra were measured up to an excitation energy of about 7 MeV for six di8'erent incident electron energies Eo ranging from 82 to 453 [17] . An example of a measured spectrum and resultant fit is shown in Fig. 1 . In addition to the 1.74 MeV peak, extensive data were acquired on 11 other excitations, many of which were resolved for the first time in an electron-scattering experiment. The full-width-athalf-maximum energy resolution of the experiment varied with kinematic conditions and target thickness, ranging from 26 to 115 keV. For each B spectrum, cross-section measurements were also made of elastic scattering from C. These data were compared to the results of distorted-wave Born approximation (DWBA) calculations based on the charge density of i C, which is well known [18] . The deduced normalization factors were then utilized to fix the absolute scale of all B data taken on sound targets. Finally, we relied upon the correctly normalized results for elastic scattering from B to establish the normalization of inelastic data acquired with broken targets: The good B elastic results were combined with data from a previous experiment [12] and fitted in the DWBA with an incoherent sum of CO and C2 form factors as described in Sec. IV A 1. The associated CO and C2 densities were then utilized for DWBA calculations of reference elastic cross sections at the kinematics of data taken with broken targets.
In the plane-wave Born approximation, the cross section for electron scattering can be written [19) Barker [24] , who modi6ed the two-body matrix elements of Cohen and Kurath to obtain two sets of interaction parameters that are more successful not only for B, but also for the neighboring A=9 and A=11 nuclei.
In the second, more fundamental, approach the effective two-body interaction is constructed directly from observed free NN scattering phase shifts. An advantageous simplification is provided by the Sussex version [25] of this method, whereby the two-body matrix elements are obtained without the need to formulate an explicit expression for the interaction. Most applicable to the case of B are the results of Hauge and Maripuu [26] who evaluated 2~corrections to the "bare" Sussex matrix elements by means of second-order perturbation theory. The resultant effective interactions were then used in shell-model calculations for A=6 -14 nuclei. Both these approaches lead to predictions that are in good agreement with the observed spectra of naturalparity levels, as represented in Fig. 2 by the example of the Cohen and Kurath (8-16)2BME interaction [21] .
Similarly impressive predictions are given for magnetic dipole moments, M1 transition widths, and Gamow- Teller P-decay rates [21, 24, 26] . In other respects, however, most notably but not exclusively with regard to electric multipole moments and transition rates, these lp-shell models consistently fail. In part, these problems may stem from [27] . Figure 2 shows the calculated spectrum of even-parity levels to be in ac- The agreement with the observed odd-parity spectrum is excellent, confirming the results of a previous shell-model calculation [28] that utilized different, empirically determined, interactions.
In the range of our measurements, the 1+ level at 5.18 MeV is the only recognized level without a counterpart in the shell-model spectra. Perhaps not coincidentally, below 6.7 MeV this was the only excitation for which our experiment failed to find evidence. This suggests a more complex structure for the 5.18 MeV level than can be given by a restricted shell model, and indeed, this level is predicted by the (2n + d) cluster-model calculation of Nishioka [29] . A cluster-model interpretation for this level is also suggested by its large observed width in sji+n elastic scattering [30] .
As will be seen, even with 2' configurations, the shell model is still hard pressed to account for the more collective properties of the nucleus, and further expansions of the basis space beyond 2~unfortunately become extremely cumbersome using standard techniques.
C. Core polarization
Perturbative core-polarization calculations provide a more practical alternative for evaluating nuclear collectivity. In the extended shell model, first-order core polarization is a coherent superposition of single-particle matrix elements involving particles in highly excited shells. Sato et al. [7] have recently published detailed calculations of the effects of core polarization on (e, e'), (a, vr'), and (p, n) cross sections for i B. In first-order perturbation theory the matrix element of the one-body operator Q~for a transition between 1p-shell states~J, ) and~J y) may be expressed as the sum of three terms, a 1p-shell part and two core-polarization matrix elements [31] The data, which have been corrected for Coulomb distortion, are from the present experiment (NIKHEF) and Ref. [12] (Orsay). As described in the text, the curves result from a fit to the data; the CO Fig. 3 . The curves in Fig. 3 are the result of a fit which has a CO component derived from the simple two-parameter Fermi model of the nuclear charge density:
where the half-density radius c and diffuseness z were fitted parameters. Provided z is not too small, this expression gives near the nuclear periphery a larger charge density than is provided by the oscillator representation. The value for this fit, 1.2 per degree of freedom, is 2 times better than the results of fits based on the harmonicoscillator CO expression.
In contrast, the overall quality of the fits proved to be relatively insensitive to the parametrization of the C2 component. The C2 curve shown in Fig. 3 merely follows the 1p-shell harmonic-oscillator dependence, which, excluding nucleon finite size and center-of-mass corrections, is given by [12] I"c2 -0.0231Q q e where y = 6 q2/4. In the analysis of the Orsay results, [36] .
What is determined in the muonic x-ray measurements is simply a moment of the ground-state charge distribution; in principle, elastic electron scattering provides more detailed information on the radial dependence of the charge. Figure 5 shows the charge distributions obtained from fits to the (e, e') measurements using the three difI'erent C2 models. Despite differences in the nuclear interior, the deviations between the densities for r ) 1 Figure 7 shows the core-polarization calculations for the charge and. magnetic elastic form factors, obtained using oscillator wave functions with 6=1.60 fm, the value adopted for elastic scattering in Ref. [7] . Fig. 3 . The transverse measurements are simply plotted as a function of q, s, and come from Refs. [38] (NIKHEF78), [39] (Stanford), and [2] (Bates). These comparisons clearly show the need to consider configurations beyond the 2' model space. In particular, the extent of the discrepancy cannot be explained merely by using different radial wave functions.
In Fig. 9 the experimental results are compared to the first-order core-polarization calculations which include configurations up to 6' above the p shell. These calculations also use oscillator wave functions but with b=1.50 fm, as preferred for inelastic transitions by the authors of Ref. [7] . As will become clear, the adaptability in our choice of the oscillator size arises from the observation that there exists no unique value that best serves all form factors discussed here. The effect on longitudinal form factors of using the b=1.50 fm rather than b=1.70 fm is mainly to displace the form factor to larger q, with an 8% decrease in magnitude.
A more significant difFerence is that, unlike the (8-16)2BME p-shell results shown in Fig. 8 , the corepolarization calculations presented in Fig. 9 Of course, the J = 3+ state may also be excited by CO, C4, and C6 multipoles; however, our calculations show that these contributions should be at least 2 ordersof-magnitude lower than the data near q = 1 fm . Nevertheless, it is diKcult to make realistic theoretical evaluations for CO form factors since these depend sensitively on the radial shapes of single-particle wave functions, as well as adrnixtures of higher excited states [45] . As demonstrated in Fig. 9 , the q dependence of the data is almost identical to the shape of the CO form factor [45] observed for the 8.86 MeV transition in C. Additional support for a CO assignment comes from a Gt [45] to the data which gives a value of 0.46 fm for the monopole matrix element. This is comparable to monopole matrix elements deduced [45] for low-lying states in C and O.
In the vicinity of q = 2 fm the B data are slightly larger than the CO curve, however this excess strength is consistent with our core polarization calculations for the C4 multipole. pion-exchange contributions [2] increases the magnitude of the form factor by 15% at the maximum, while having only a slight effect on the form-factor shape. Irrespective of whether meson exchange is considered or not, both curves lie in good quantitative agreement with the data, suggesting that the transition is reliably represented as the spin-Hip transition of a 1p3y2 nucleon.
In accord with 1p-shell models, the data can be transformed to obtain the 1ps~2 wave function [2] , provided that a correction is first made for meson-exchange contributions. Following [2] (solid circles), and Ansaldo et al. [6] (triangles). The curves represent theoretical calculations using the (8-16)2BME 1p-shell amplitudes [21] and Woods-Saxon radial wave functions. The solid curve includes one-pion-exchange contributions; the dashed curve does not. out. In order to damp out unphysical oscillations in the fitted wave function at large r the fit was weakly biased
[51] to approximate a Woods-Saxon dependence beyond r=4.5 fm. Compared to our earlier result [2] , the width of the error band is reduced by about a factor of 2 for r)3fm.
Also shown in Fig. 14 are the wave functions corresponding to harmonic-oscillator and Woods-Saxon fits to the data. The experimental results are poorly fit by oscillator wave functions, which decrease too quickly at large r. Much more satisfactory is a two-parameter WoodsSaxon fit, in which the free parameters were the radius and diffuseness of the potential well. The total y obtained in this analysis, 49.3 for 39 data points, was almost as small as that given by the eight-parameter FourierBessel fit. For simplicity, the Woods-Saxon spin-orbit force was neglected and the 1p3y2 binding energy was set to 7.0 MeV, a value close to the observed neutron and proton separation energies for B.
In the relative core-particle coordinate frame [37] the best-fit Woods-Saxon parameters were B = (0.88 6 0.13) (A -1)~s fm for the well radius and z = 0.81 6 0.08 fm for the diffuseness. The corresponding rms radius of the 1p3/~o rbit is 2.79 + 0.02 fm, with the smallness of the error refIecting the correlation between B and z. For the Fourier-Bessel fit the deduced rms radius is 2.79+0.11 fm.
The much larger error given by the Fourier-Bessel analysis is due to the shape of the wave function at large r being relatively unconstrained compared to the WoodsSaxon description. This result serves as a caution for previous determinations of valence orbital sizes in odd-A nuclei from elastic magnetic (e, e') form factors. Because of the superimposed contributions of lower-order magnetic multipoles at q & 2 fm, these orbital sizes are obtained from just the high-q part of data belonging to the largest A J multipole. Very precise values for orbital sizes have been published [1] ; however, these rely upon~R "(r)~' j2(qr)r'dr, where p = 2.793@~and p, = -1.913p~are the proton and neutron magnetic moments. The form factor is therefore seen to be more sensitive to the proton distribution. DifI'erences between the single-particle wave functions R"(r) and R"(r) arise from the Coulomb barrier. Nevertheless Fig. 11 is insufhcient to indicate a clear preference for any particular calculation, with or without core polarization. Moreover, as previously reported [2] , and further confirmed by Fig. 13 , the magnetic form factors of boron isotopes are quantitatively well described by 1p-shell computations that use Woods-Saxon radial wave functions.
Nevertheless, calculations [7] specifically for the 1.740 MeV transition in B suggest that the effects of core polarization cannot be neglected, especially if precise information is sought on the radial distribution of the valence orbit. This is seen, for example, in Fig. 15 Fig. 13, Fig. 15 Fig. 14 ; the solid band is the result of an analysis in which calculated core-polarization and meson-exchange contributions were first subtracted from the data. Figure 16 illustrates the extent to which core polarization may modify the extracted 1p3y2 radial density. Both error bands were obtained by transforming form-factor data from which calculated exchange-current contributions had first been removed. Predicted core-polarization parts have also been subtracted in one case, the effect of which is to displace the maximum of the density to a larger radius. The density obtained in this way then decreases more quickly with increasing r, with the result that the rms radius is reduced by 5%. In light of the results presented in Fig. 15 , it is not surprising that the modified density is more compatible with a harmonicoscillator dependence, although a Woods-Saxon fit with a small diffuseness value, z=0.31 fm, is still superior. Except at low momentum transfer, the (e, e') form fac- [10] (lozenges), Ansaldo et al. [6] (squares), and Hicks et al [2] (tri.angles). For the shaded points the 5. At the maximum the Hauge-Maripuu form factor is 55'%%uo larger than the (8-16)POT prediction. Nevertheless, the main intent of Fig. 18 Fig. 17 and the curves result from shell-model calculations using oscillator radial wave functions with b=1.50 fm. Dashed curves, 1p-shell calculation with (8- 
4~q4
(A1)
The model dependence of this procedure depends on how closely the available data approach the q = E limit. As it was not an objective of the present experiment to obtain such spectroscopic information, our data are mainly confined to the region q~& 0.5 fm . Nevertheless, useful results were obtained by fitting the data with expressions having the form of Eq. (4). In Table II these results The reduced matrix element B(E2 t, E ), or, equivalently, the ground-state radiative width, has also been utilized [8 -10,21 -24] as a point of comparison for B results. This matrix element can be determined [14] by extrapolating the (e, e') form factor to the low-q "photon point" limit q = E: ( e, e') measurement [9] , the results of which were also included in our analysis. The larger values obtained in previous analyses [6, 8, 9] of this form factor are due to the neglect of Coulomb distortion e8'ects. Although the nuclear charge is small, so were the incident beam energies in these measurements, as low as 32 MeV in the case of the Darrnstadt measurement [9] , and the effect on the reduced matrix element is appreciable.
